OBJECTIVE: To assess intrapair resemblance in changes of body weight, total body fat, fat distribution, resting metabolic rate, fasting respiratory quotient and cardiovascular disease risk factors in response to therapeutic weight loss in female obese identical twins. DESIGN: Patients stayed for 40 days on an inpatient metabolic unit under careful supervision. The stay was divided into three parts: an initial period of 7 days for adjustment to the hospital environment and for baseline measurements, 28 days of the weight reduction regimen when negative energy balance was achieved mainly by a very low calorie diet (1.6 MJ per day) and 5 days of testing after weight reduction. SUBJECTS: Fourteen pairs of premenopausal female obese identical twins (age: 39.0 AE 1.7 y; body weight (BW): 93.9 AE 21.2 kg; body mass index (BMI): 34.2 AE 7.8 kgam 2 ) participated in the study. MEASUREMENTS:. Before and after weight loss, the following measurements were made: body composition by anthropometry and hydrodensitometry, intra-abdominal fat by ultrasonography, resting metabolic rate by indirect calorimetry. Total cholesterol, high-density lipoprotein-cholesterol, triglycerides and uric acid were determined by standard laboratory procedures. Blood pressure was measured in the morning in the recumbent position. RESULTS: Subjects lost 8.8 AE 1.9 kg of weight, from 93.9 AE 21.2 to 85.1 AE 10.9 kg (P`0.0001) and 6.5 AE 2.3kg of body fat (P`0.001). Weight losses varied widely among subjects, with a high correlation between losses of members of twin pairs for body weight (r 0.85; P`0.001) and for body fat (r 0.88; P`0.0001). Changes in uric acid resulting from weight loss were also correlated among members of twin pairs whereas changes in blood pressure, cholesterol and triglycerides were not. CONCLUSION: The great intrapair resemblance observed in very low calorie diet-induced weight and fat losses in female obese identical twins suggests an important role of genetic factors in response to the weight reduction regimen.
Introduction
New discoveries are revolutionizing our understanding of obesity. The identi®cation of genes coding for obesity in mice 1 has led to a search for human homologues. 2 ± 4 Single gene mutations, however, may account for only a small number of cases of human obesity. 2 ± 4 Quantitative genetic studies suggest that the heritability of human obesity is due to many distinct genetic loci. Accordingly, new research strategies are seeking to move upstream from the study of obesity as a phenotype to the study of the determinants of the disorder, so-called`intermediate phenotypes ' . These strategies involve assessment of genetic contributions to energy metabolism Ð energy intake 5, 6 and energy expenditure. 7 ± 9 These studies have, however, assessed obese persons only when their obesity was in a steady state. More promising may be experimental approaches to the study of energy regulation, as in the two landmark reports by Bouchard and his group. The ®rst study utilized overfeeding to cause weight gain in male identical twins of normal weight; 10 the second utilized exercise to cause weight loss in male identical twins with modestly elevated weight. 11 These studies 10, 11 as well as postoverfeeding results 12 suggested a genetic contribution to the regulation of body weight, body fat and their determinants. Thus, there was a great similarity in changes in these variables within twin pairs despite large differences among twin pairs. There has been, until now, no study on the role of genetic similarity vs genetic difference in the regulation of the response of these variables to the weight loss protocol in obese persons.
The present study assessed the intrapair similarity in regulation of body weight, body fat and their determinants in 14 pairs of female obese identical twins undergoing therapeutic dieting for a period of 28 days.
Subjects
Subjects consisted of 14 pairs of female obese identical twins who responded to a story about the proposed study which appeared in a popular tabloid newspaper. They were 39.0+1.7 y of age (range 24 ± 48 y), with a BMI of 34.2AE 7.8 (meanAE s.d.) and a weight of 93.9 AE 21.2 kg. Zygosity was determined by history, physical appearance and identity of blood groups, red cell antigens, HLA-antigen system of the A, B and C loci and apolipoprotein B 3 hypervariable region. Thirteen of the pairs had been living apart for at least 10 y. All subjects were premenopausal and none reported any menstrual irregularities. All individuals reported that the weight¯uctuations during the 4 month period preceding the study did not exceed 2 kg. Clinical, hormonal and ultrasound examinations excluded polycystic ovary syndrome. Only two pairs smoked and only one pair was nulliparous. No subjects had a history of recent illness except for one pair of twins, each of whom had a 4 y history of noninsulin-dependent diabetes mellitus and hypertension. Their diabetes was treated by diet only and their hypertension was well controlled by small doses of an ACE inhibitor (Trandolapril 0.5 mg once a day). The study was approved by the Ethics Committee of the Charles University Hospital in Prague and by the Institutional Review Board of the University of Pennsylvania School of Medicine. It was fully explained to the subjects and their informed voluntary consent was obtained.
Methods

Initial examination
Initial examinations were performed before admission to the study on an outpatient basis in the Obesity Unit of the 4th Department of Internal Medicine, of the General Faculty Hospital, Charles University, Prague. A thorough work-up included a medical history, a physical examination, routine blood tests and an electrocardiogram. Neither the results of these tests nor those of a battery of psychological tests gave reason for exclusion of any subjects. After being cleared for participation in the study, subjects were admitted to the hospital in groups of two or four twin pairs at a time.
Study protocol
The study protocol was the same as that utilized on the Obesity Unit in the treatment of 450 obese patients during the past 5 y. 13, 14 It consisted of 40 days in a metabolic unit, divided into three parts, an initial period of 7 days for adjustment to the hospital and for baseline measurements, 28 days of the weight reduction regimen and 5 days of testing after weight reduction. During the ®rst 7 days subjects received a diet specially prepared in the hospital kitchen that provided an average daily energy intake 8.558 AE 3.058 MJaday (the energy content of current dietary recommendation for middle aged women performing light physical activity 15 ), which achieved the weight stability during the week preceding the study.
Tests
During the initial week and during the ®ve ®nal days of the inpatient stay the following examinations were performed. Body composition was assessed by whole body densitometry employing underwater weighing with residual lung volume measured by the helium dilution method (Jaeger Pneumoscreen, Wurzburg, Germany) according to Meneely and Kaltreider. 16 Total body energy was estimated from the energy content of body fat and fat-free mass. The energy content of body fat was assumed to be 39.3 kJ per g, whereas that of fat-free mass was assumed to be 4.3 kJ per g. 17 Anthropometric measurements were conducted by a single examiner using¯exible tape measures and Best and Harpenden calipers. Anthropometric measurements were carried out according to recommendations of the Airlie Conference 18 and WHO. 19 Ten skinfolds, waist circumferences and sagittal diameter at L4.5 were measured. The sum of 10 skinfolds according to Parizkova assessed subcutaneous fat 20 while ®ve trunk and four extremity skinfolds assessed the trunkaextremity ratio. A Toshiba Ultrasound Scanner was used to assess intra-abdominal fat by ultrasonography, which, according to several reports, 21 ± 23 is highly correlated with visceral fat measured by computerized tomography. Resting metabolic rate (RMR) was measured after a 12 h overnight fast in the recumbent position for 30 minues using a modi®ed Oxyscreen apparatus (Jaeger GmbH, Wurzburg, Germany) equipped with paramagnetic and infrared analyzers. The mean intraindividual coef®cient of variation from replicated measurements was 2.9%. Patients were instructed to avoid smoking, caffeine intake and vigorous activity for 24 h prior to the indirect calorimetry. Blood pressure was measured each morning in the recumbent position. The lowest of three measurements was recorded and those on the ®rst and last day of the very low calorie diet (VLCD) were used in the analysis. Total cholesterol, high-density lipoprotein (HDL)-cholesterol, triglycerides and uric acid were determined by standard laboratory procedures.
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Weight loss protocol
For 28 days subjects received a VLCD Redita 1 (Promil Ltd, Novy Â Bydzov, Czech Republic) developed at the Obesity Unit and used in the program for the past 5 y. It provides 1.6 MJaday with 37 g of protein, 50 g of carbohydrate and 3.8 g of fat. 13 Daily programmed exercise was supervised by an exercise physiologist and remained at the same level throughout the study. Subjects were carefully monitored for adverse responses by daily clinical examinations and weekly laboratory tests; none were reported. Adherence to diet was monitored by daily determination of urinary ketones and adherence to activity by daily pedometer measurements.
Statistical analysis
The initial statistical analysis used a 2 Â 2 (time and twins) repeated measures analysis of variance to compute the statistical signi®cance of the changes from baseline to postintervention for each of the variables of interest Ð body weight, fat mass, fatfree mass, hip and thigh circumferences, the sum of 10 skinfold thicknesses as well as 5 trunk skinfolds (subscapular, suprailiac, abdominal, upper thorax and lower thorax) and four extremity skinfolds (triceps, biceps, upper thigh, mid calf), individual skinfold thicknesses, sagittal diameter, ultrasound, RMR and fasting respiratory quotient (RQ). The second step was to estimate the genetic contribution to these changes by computing intraclass correlations (3, 1), as de®ned by Shrout and Fliess, between members of a twin pair. 24 These and all subsequent correlations were also computed after adjusting for age and initial values. The third step was to determine the changes in selected cardiovascular measures Ð serum lipids, blood pressure and uric acid Ð in response to the weight loss. We then calculated the intrapair correlations for these changes, both adjusted and unadjusted for weight loss.
Results
The 4 weeks of VLCD resulted in an 8.8 AE 1.9 kg loss of body weight, from 93.9AE 21.2 kg to 85.1AE 19.9 kg (P`0.0001). Body composition also changed, with a greater loss of fat mass (FM) 6.5 AE 2.3 kg (14.7%) than of fat-free mass (FEM) 2.1 AE 1.5 kg (4.2%), re¯ected in a decrease in the FMaFFM ratio from 0.88 to 0.78 (P`0.0001). FFM accounted for 23.9% of weight loss. Body energy content decreased by 265 MJ or 13.6% (see Table 1 ).
Variability in changes in body composition
The changes in body composition in response to VLCD showed great variability Thus, although the mean weight loss was 8.8 kg, losses ranged from 5.9 to 12.4 kg. These changes were not, however, randomly distributed among the 28 subjects but were highly correlated within the twin pairs. There was 12.8 times (F ratio) more variability for changes in body weight between pairs than there was within pairs, and the F ratio for fat mass was even greater; 17.0. These ®ndings are illustrated in Figures 1 and 2 , which show the similarity in the decreases in body weight and fat mass of members of the twin pairs. For body weight and fat mass both the unadjusted intraclass correlations (ICC) and those adjusted for age and initial values were highly signi®cant (P`0.0005). As would be expected from these values, the decrease in body energy stores within twin pairs was also highly correlated (ICC 0.90; P`0.0005).
RMR fell from 4.66 AE 1.22 to 4.29AE 1.17 kJamin (P 0.099), and RQ fell from 0.777AE 0.055 to 0.736AE 0.051 (P`0.005). No within-pair resemblances were revealed for decreases in both RMR and RQ (Table 1) .
Changes in circumferences, sagittal diameter, skinfolds and intraabdominal fat are shown in Table 2 . Waist and hip circumference decreased signi®cantly and showed evidence of preferential mobilization of fat from the trunk. Thus the waist-to-hip ratio decreased, from 0.89 to 0.84 (P`0.0005). Further Correlations of: fat-free mass, P`0.002; RMR, P 0.869; RQ, P 0.517; all other correlations P`0.0005.
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evidence of a decrease in the critical abdominal visceral fat was provided by the ultrasound measurement of intraabdominal thickness, which fell by 29.5% (P`0.0005), twice that of total body fat, while sagittal diameter decreased by 13.3% (P`0.0005), similar to the decrease in fat mass.
Pearson correlations for these measures were modest: for waist 0.51 (P 0.06), for sagittal diameter 0.53 (P`0.05), and for ultrasound 0.47 (P 0.09). However, the intrapair similarity in the amount of intra-abdominal fat lost with the protocol was signi®-cant after adjustment for age and initial value (r 0.59, P 0.03). The decrease in subcutaneous fat, as measured by the sum of 10 skinfolds, was 27.3%, from 265.3 to 192.7 mm (P`0.0005), The similarity between twin pairs was also comparable to that for body weight and body fat, with an F ratio of 11.0 and a correlation of 0.75 (P`0.001). There was similar within-pair resemblance for decreases in trunk and extremity skinfolds and in the trunk-to-extremity ratio. Note that the correlations adjusted for age and initial values differed only modestly from the unadjusted correlations.
In¯uence of weight loss on cardiovascular risk factors
Weight losses led to favorable changes in risk factors for cardiovascular disease Ð lipids, blood pressure and uric acid. As was true of body composition, the baseline values of these indices were highly correlated within twin pairs (data not shown). Reduction in uric Intra-abdominal fat thickness measured by ultrasound, n 13 pairs. Weight loss in identical twins V Hainer et al acid in response to weight loss was correlated within twin pairs, suggesting a genetic in¯uence on it, as on reductions in body composition. By contrast, reductions in the other risk factors were not signi®cantly correlated within twin pairs (Table 3) . After controlling for weight loss only the correlation for uric acid remained marginally signi®cant.
Discussion
An important demonstration of this study is that the method of studying weight change in identical twins, pioneered by Bouchard and his colleagues 10 ± 12 in normal and modestly overweight persons, is applicable also to the study of frankly obese persons.
A major ®nding was that intrapair resemblances in body weight changes appear similar to those of the two studies by Bouchard's group, of weight gain by overfeeding 10 and of weight loss by increased physical activity. 11 This similarity occurred even though those studies were conducted in men whose weight was elevated only modestly (BMI 26.2) or not at all (BMI 19.7). The involvement of genotype in loss of body weight and of fat mass was demonstrated by the correlations of members of twin pairs in the present study, 0.85 for weight loss and 0.88 for fat mass loss. These values are comparable to the values 0,74 for weight loss and 0.87 for fat mass loss reported by Bouchard in the negative energy balance protocol employing exercise.
11 These values are higher than those in the Bouchard 10 overfeeding study, with its correlations for weight gain of 0.55 for body weight and 0.50 for fat mass. In the two weight loss studies induced by different methods in subjects who differed in gender, mean age and BMI, the contribution of genetic similarity vs genetic difference in the response pattern of weight change was similar and much higher than that in the study of weight gain.
No intrapair resemblance was revealed in the changes of RMR and RQ in response to negative energy balance induced by VLCD. RMR and fasting RQ were not reported in the long-term exercise study of Bouchard. 11 However, a 22-day exercise protocol in six pairs of male identical twins resulted, like in our negative balance study, in a nonsigni®cant intrapair correlation for RMR changes if one outlying pair was removed from statistical analysis. 25 A second ®nding was that controlling for baseline values had little effect on the twin correlations for changes of scores. Thus the mechanisms affecting intrapair similarities in responses to decreased energy intake appear to be largely independent of those in¯uencing baseline values. How an obese person loses weight appears to be largely independent of how the obesity developed.
Studies conducted in twins revealed substantial heritability of the serum levels of total cholesterol, HDL-cholesterol, apolipoproteins A-I and B, and triglycerides, ranging from 0.28 to 0.78. 26 However, only a few twin studies have explored the intrapair resemblance for changes in cardiovascular risk factors in response to either positive or negative energy balance. 11, 12 A third ®nding of our study concerned the in¯uence of weight loss on the assessed risk factors. As in other studies of VLCDs, by others 27 ± 31 and by us, 13, 14, 32 these indices were markedly improved by weight loss. However, within pair resemblance of these favourable changes, suggesting genetic contribution, was limited to uric acid. It means that a favourable amelioration of cardiovascular risks in response to a short-term weight reduction regimen is mainly in¯uenced by environmental factors and not by a hereditary predisposition. In Bouchard's study intrapair resemblance of changes in plasma total cholesterol, HDL-cholesterol and triglycerides was signi®cant under the in¯uence of the overfeeding protocol. 12 In contrast, no consistent within-pair resemblance in the changes of these variables could be detected during the recovery period 12 when the twins had lost about 7 of 8 kg gained during the caloric surplus with the exception of the changes in plasma triglycerides (P`0.02). Similarities in the Weight loss in identical twins V Hainer et al blood pressure changes were not reported in overfeeding and postoverfeeding studies of Bouchard, 10, 12 but no within pair resemblance was observed in the blood pressure changes in response to a negative energy balance protocol induced by exercise in young male identical twins. 11 We should like to mention that the correlation between monozygotic twins, independent of dizygotic twins, does not estimate the heritability of a trait but rather the upper bound on heritability, since it is a function of both genetic and shared family environmental in¯uences. In our cohort the effect of shared family environment was minimized as 13 of 14 pairs had been living apart for at least 10 y. Extensive research has shown that shared family environment has little in¯uence on obesity-related traits.
33 ± 35 A recent study of Austin et al 35 which included 185 monozygotic and 130 dizygotic twin pairs revealed that age-adjusted heritability for the change in BMI over the decade ranged from 0.57 to 0.86. These estimates remained statistically signi®cant after adjustment for environmental factors and ranged from 0.57 to 0.78, although dizygotic intraclass correlations were low after these adjustments. Therefore, we, like others, 10 ± 12 believe that studies of the response of monozygotic twins to interventions provide useful information on genetic effects, even without the presence of dizygotic twins.
